Several brittle culm mutations of rice (Oryza sativa) causing fragility of plant tissues have been identified genetically but not characterized at a molecular level. We show here that the genes responsible for three distinct brittle mutations of rice, induced by the insertion of the endogenous retrotransposon Tos17, correspond to CesA (cellulose synthase catalytic subunit) genes, OsCesA4, OsCesA7 and OsCesA9. Three CesA genes were expressed in seedlings, culms, premature panicles, and roots but not in mature leaves, and the expression profiles were almost identical among the three genes. Cellulose contents were dramatically decreased (8.9%-25.5% of the wild-type level) in the culms of null mutants of the three genes, indicating that these genes are not functionally redundant. Consistent with these results, cell walls in the cortical fiber cells were shown to be thinner in all the mutants than in wild-type plants. Based on these observations, the structure of a cellulose-synthesizing complex involved in the synthesis of the secondary cell wall is discussed.
Cellulose is a homogenous polymer of ␤-1,4-glucan synthesized from UDP-Glc (Delmer and Amor, 1995) . Plant CesA (cellulose synthase catalytic subunit) genes were first isolated by random sequencing of cotton (Gossypium hirsutum) expressed sequence tags (Pear et al., 1996) . The first evidence that the CesA gene encodes the enzyme responsible for cellulose synthesis was obtained from analysis of a CesA mutant of Arabidopsis (Arioli et al., 1998) . Another important piece of evidence rests on the structural analysis of cellulose synthesis complexes. The rosette terminal cellulose-synthesizing complexes, displaying 6-fold symmetry, are known to associate with cellulose microfibril impressions in the plasma membrane (Mueller and Brown, 1980) , and CESA protein has been immunolocalized to the rosette complexes (Kimura et al., 1999a) . In addition, the korrigan gene encoding a endo-1,4-␤-glucanase has been shown to be required for cellulose synthesis (Zuo et al., 2000; Lane et al., 2001; Sato et al., 2001 ) and proposed to function in the cleavage of sitosterol-␤-glucoside from the growing cellulose polymer chain (Peng et al., 2002) .
Ten CesA genes have been found in the completed genomic sequence of Arabidopsis (http://cellwall. stanford.edu). Based on mutant analyses, characterization of six CesA genes of Arabidopsis has been reported. The rsw1 mutation in AtCesA1 causes a reduction of cellulose synthesis, when grown at the nonpermissive temperature, resulting in disassembly of the rosette complexes, widespread morphological abnormalities, and the accumulation of noncrystalline ␤-1,4-glucan (Arioli et al., 1998) . The irx3 mutant of AtCesA7 shows a reduction of cellulose content in the stem and a defect in the secondary cell wall formation in xylem that causes collapse of xylem elements (Taylor et al., 1999) . These results indicate that AtCesA1 and AtCesA7 contribute to cellulose syntheses in the properly developed primary and secondary cell wall, respectively. The PRC1 encodes AtCESA6, and, like the rsw1 mutant of AtCesA1, its mutant exhibits decreased cell elongation, especially in roots and dark-grown hypocotyls, because of a cellulose deficiency in the primary wall (Fagard et al., 2000) . In addition to their similar mutant phenotypes, both AtCesA6 and AtCesA1 also show similar expression profiles in various organs and growth conditions, although embryonic expression of these CesA genes is different (Beeckman et al., 2002) . The IRX1 and IRX5 genes, whose mutants exhibit a similar phenotype to that of the irx3 mutant of AtCesA7, encode AtCESA8 and AtCESA4, respectively, and three proteins of AtCESA4, -7, and -8 have been shown to be co-expressed in the same cells of stems (Taylor et al., 2000 (Taylor et al., , 2003 . In addition, interaction of all three proteins of AtCESA4, -7, and -8 has been
shown. These findings suggest that AtCESA1 and -6 or AtCESA4, -7, and -8 form the functional CESA units that assemble into a rosette complex. Scheible et al. (2001) and Desprez et al. (2002) also show that the ixr1 and ixr2 genes, which confer resistance to cellulose synthesis inhibitors (isoxban and thiazolidione) encode AtCESA3 and AtCESA6, respectively.
The CesA gene family in monocot crop plants such as maize (Zea mays), barley (Hordeum vulgare), and rice (Oryza sativa) was also identified by analyses of cDNA, expressed sequence tags, and genome sequencing (Holland et al., 2000 ; see cell wall Web site, above). In rice, at least 10 genes (OsCesA1-10) have been identified. As clearly demonstrated in Arabidopsis, analysis of mutants is a powerful strategy for defining the function of CesA genes. Brittle mutants of monocots have been identified in barley (Takahashi et al., 1953 (Takahashi et al., , 1966 , maize (Briggs and Robert, 1966) , and rice (Jones, 1933; Nagano and Takahashi, 1963; Takahashi et al., 1968) . In the barley mutants, the physiological, morphological, and biochemical properties of the brittle culm phenotype have been well characterized (Kokubo et al., 1989 (Kokubo et al., , 1991 Kimura et al., 1999b) . The maximum bending stress of culms of barley brittle culm mutants is less than one-half that of non-brittle strains, and the cell walls of epidermal, collenchyma, and parenchyma tissues of the mutants are thinner than those of the corresponding non-brittle strains. In addition, the cellulose content is lower in the cell walls of the barley mutants than in the wild type, but there are no significant differences in the amounts of lignin, pectin, and noncellulosic polysaccharides in the cell wall of mutants and wildtype plants (Kokubo et al., 1989 (Kokubo et al., , 1991 . In one of the barley mutants, a decrease in the number of rosette complex also has been reported (Kimura et al., 1999b) . Therefore, the brittle phenotype of these barley mutants is thought to be caused by the decreased cellulose synthesis. To further characterize the brittle mutations, isolation of the affected genes is needed. In addition, information of these genes will be useful in improving the mechanical strength of tissues in monocot crop plants, such as rice, barley, maize, and wheat (Triticum aestivum), thereby overcoming abiotic problems such as lodging.
We produced about 50,000 mutant lines of rice induced by the insertion of the endogenous retrotransposon Tos17 (A. Miyao, K. Tanaka, K. Murata, H. Sawaki, S. Takeda, K. Abe, Y. Shinozuka, K. Onosato, and H. Hirochika, unpublished data). Tos17 is inactive in normally propagated plants but becomes active in tissue culture (Hirochika et al., 1996; Hirochika, 2001 ). In regenerated plants, transposed and original copies of Tos17 become silent, and these copies are germinally inherited in the next generation. We have shown the utility of Tos17-induced mutations for forward (Agrawal et al., 2001 ) and reverse (Sato et al., 1999; Takano et al., 2001 ) genetic studies of genefunctions. Here, we report the isolation and characterization of mutants of three CesA genes induced by insertion of Tos17.
RESULTS

Screening of the Brittle Culm Mutants Induced by the Endogenous Retrotransposon Tos17
To screen for the mutants displaying the brittle phenotype, the next generations (R1) of about 3,500 regenerated rice lines were observed in the paddy field. In these populations, four regenerated lines, called NC0259, ND2395, ND8759, and NE1031, exhibited similar mutant phenotypes; a dwarfed growth habit (Fig. 1A , 2-5) and easy fracturing of leaf and culm by stressing between fingers, the so-called brittle culm phenotype (Fig. 1B, 2-5 ). These four mutants also exhibited other similar characteristic phenotypes, such as small leaves, thin culms, and withering of leaf apex (data not shown). In addition, fertility of the four mutants was low (0%-32.3%). The semidwarfed mutant of NF1011 (Fig. 1A, 6 ) also showed a brittle culm phenotype (Fig. 1B, 6 ). Although this mutant had normal-sized leaves, most of the mature leaves of the mutant plants growing in the paddy field were fractured in the middle region by wind pressure (data not shown). The semidwarfed mutant of NF1011 also had a thin culm, but it was thicker than those of the other four mutants (data not shown).
To examine whether these mutations were induced by the insertion of Tos17 and to identify the specific transposed Tos17 copies responsible for the mutations, cosegregation of Tos17 with the observed phenotypes was examined by genomic Southern analysis of the R1 populations of the five lines as described previously (Agrawal et al., 2001 ). Five to 10 copies of newly transposed Tos17 were found in each line, and one of the copies was shown to cosegregate with the observed brittle phenotype in each line (data not shown), strongly suggesting that all of the five mutant phenotypes were caused by insertion of Tos17. In the following section, this result was confirmed. This perfect tagging with Tos17 is quite unusual because tagging efficiency for various mutations has been shown to be 5% to 10% (Hirochika, 2001 ). In the previous study, the existence of preferred target sites for Tos17 insertion has been shown . One possible explanation for the perfect tagging in the present study is that the causative genes for the brittle mutations are preferred targets. This explanation was supported by the finding that, among the five mutants examined, two allelic pairs were found, representing two independent mutations each in two of the three genes identified (see the following section).
Identification of Three Brittle Culm Genes Encoding Cellulose Synthase Catalytic Subunits
To identify the causative brittle culm genes, the genomic fragments from the region flanking Tos17 were amplified by thermal asymmetric interlaced (TAIL)-PCR and suppression PCR methods. Using genomic DNA from the mutant of NC0259, TAIL-PCR was performed with a Tos17-specific primer and the degenerate primer called AD7. Several DNA fragments were amplified, but genomic Southern analy- sis with these fragments as probes showed cosegregation of the fragment NC0259_14_701_1A with brittle culm phenotype (data not shown). The amino acid sequence deduced from the DNA sequence of NC0259_14_701_1A showed high similarity to those of plant CESAs (data not shown). Because the brittle phenotype can be explained by a CesA mutation, it is likely that the CesA gene is the gene responsible. This was further confirmed by the reduction of cellulose content in the mutant (see the following section). Using NC0259_14_701_1A as a probe, the locus was mapped onto the rice linkage map. The disrupted CesA gene of NC0259 was mapped at 44.0 cM on chromosome 10 (data not shown), and the RFLP marker clone R2825, which shows high similarity to plant CESAs (data not shown), was located at the identical position. The clone R2825 was shown to be a partial cDNA clone of the disrupted gene. The genomic sequence of the locus at 44.0 cM is published by the International Rice Genome Sequencing Project, and the disrupted gene of NC0259, encoding CESA, is annotated as OsCesA7 (CESA sequence database at http://cellwall.stanford.edu). OsCesA7 consists of nine exons and eight introns ( Fig. 2) and encodes a protein of 1,063 amino acids (Fig. 3) . In NC0259, Tos17 was inserted in the fifth exon of OsCesA7 (Fig. 2) . In ND8759, Tos17 was inserted into the seventh exon of OsCesA7 (Fig. 2) , and the homozygous mutant of ND8759 also exhibited a similar brittle culm phenotype, as shown in Figure 1B , 3. Based on these results, it is concluded that the OsCesA7 gene is a causative gene for the brittle culm mutation.
The DNA fragments carrying putative brittle culm genes of NE1031, ND2395, and NF1011 were amplified by the suppression PCR method. The amplified DNA fragments T12748T, ND2395_30, and NF1011-7_2 also showed high similarity to CesA genes and cosegregated with the brittle culm phenotype (data not shown). The disrupted gene of NE1031, encoding CESA, was mapped at 129.6 cM on chromosome 1 (data not shown), and this locus corresponds to RFLP marker R2417, whose clone also shows high similarity to plant CESAs (data not shown). R2417 was shown to be a partial cDNA of the disrupted gene of NE1031, whose genomic sequence was determined by International Rice Genome Sequencing Project and shown to be OsCesA4. OsCesA4 consists of 13 exons and 12 introns (Fig. 2) and encodes a protein of 990 amino acids (Fig. 3) . The insertion site of Tos17 in NE1031 was found in the sixth exon (Fig. 2) . To isolate allelic mutants of OsCesA4, PCR screening was carried out using DNA pools from mutant lines induced by the insertion of Tos17 (Hirochika, 2001; H. Hirochika and A. Miyao, unpublished data) . The mutant line of ND5658 with an insertion of Tos17 in the sixth exon of OsCesA4 was found (Fig. 2) . As expected, the mutant of ND5658 also exhibited the brittle culm phenotype (data not shown).
The disrupted gene of ND2395 was mapped at 158.9 cM on chromosome 1 (data not shown), but the corresponding sequence was not found in the published genomic sequence. Therefore, using the Monsanto Rice Genome Sequence Database (http://www. rice-research.org/), the genomic sequence of the brittle culm gene of ND2395, encoding CESA, was determined. This CesA gene was shown to be OsCesA9, which consists of 11 exons and 10 introns (Fig. 2) and encodes a protein of 1,055 amino acids (Fig. 3) . Part of the genomic sequence of OsCesA9 was identical to that of NF1011-7_2 and shown to cosegregate with the mutant phenotype of NF1011 by the genomic Southern analysis (data not shown). Tos17 was inserted into the 6th exon in ND2395 and the ninth intron in NF1011 (Fig. 2) . Based on the results described in this section, it is concluded that the genes responsible for the three brittle mutations are three different CesA genes.
Comparison of Gene Structures and Deduced Amino Acid Sequences of OsCesA4, OsCesA7, and OsCesA9
To characterize the three rice CesA genes, the deduced amino acid sequences were compared (Fig. 3 ). There is a high degree of sequence similarity among the deduced CESA proteins. Furthermore, the proteins possess four motifs that have been identified as being conserved in CESAs and all processive glucosyl transferase (Saxena et al. 1995) . These are motifs surrounding three Asp residues and a QxxRW motif downstream of the third Asp residue that are essential for binding for the UDP-Glc. A sequence highly conserved in the plant CESAs, so-called P-CR (Pear et al., 1996) , and two variable regions called VR1 and VR2 (Taylor et al., 1999) , also exist in the rice CESAs. In addition to these common features, there is a structural feature unique to one of three rice CESAs, OsCESA4. The sequence of Cys-9 to Cys-47 at the N terminus of OsCESA4 shows a low similarity to those of OsCESA7 and OsCESA9 (Fig. 3) . This region corresponds to a Cys-rich region conserved in plant CesA genes that has been suggested to form two zinc fingers with high homology to the RING finger motif, probably involved in protein-protein interactions (Delmer, 1999; Kurek et al. 2002) . Although OsCESA4 possesses eight Cys residues required to form two zinc fingers (Fig. 3) , eight amino acid residues are missing in the first RING finger motif.
Based on the sequences shown in Figure 3 , phylogenetic relationships of CesA genes from higher plants were examined (Fig. 4) . Three rice CesA genes were considered to function to synthesize cellulose in the secondary cell walls responsible for the overall strength of the plant, judging from the brittle culm phenotype (Fig. 1B) exhibited by their respective mutants (Fig. 2) . In Arabidopsis, three CesA genes contributing to cellulose synthesis in the secondary cell walls, AtCesA4, -7, and -8, have been found by mutant analyses (Taylor et al., 1999 (Taylor et al., , 2000 (Taylor et al., , 2003 . The phylogenetic relationships between the three rice CesA genes and all of the Arabidopsis genes indicated that OsCesA9, OsCesA4, and OsCesA7 are the functional analogues for AtCesA7, AtCesA8, and AtCesA4, respectively. This result strongly suggests that these three rice CESA proteins, like the three Arabidopsis CESA proteins, make a complex essential for cellulose synthesis in secondary cell wall. Two cotton CesA genes (GhCesA1 and -3) that are considered to be members of secondary wall-forming genes (Pear et al., 1996; Peng et al., 2002) belong to the same group including OsCesA4 and AtCesA8. GhCesA1 and -3 may have been evolved by recent gene duplication. In maize, only eight complete amino acid sequences have been determined, and no CesA genes analogous to the three rice/Arabidopsis genes have been isolated, probably due to low abundance of the cDNAs.
Expression of OsCesA4, OsCesA7, and OsCesA9
The expression patterns for OsCesA4, OsCesA7, and OsCesA9 were investigated in culms, mature leaves, roots and immature panicles, and 2-week old seedlings. Signals corresponding to these genes could be detected by northern-blot analyses (Fig. 5) . Transcripts of the three CesA genes were found in seedlings, culms, immature panicles and roots, but not in mature leaves, and the expression patterns were al-most identical among three genes. Therefore, it is concluded that the three rice CesA genes are expressed coordinately in seedlings and three organs, although it is uncertain whether these genes are coexpressed in the same cell.
Cellulose Contents in the Culms of the Brittle Culm Mutants
Cellulose contents in the second culm internodes of the mutants andthe wild-type plant were investigated. As summarized in Table I , cellulose contents were decreased in all the mutants, but some differences were observed among the mutants. The brittle culm phenotype of the mutants can be readily explained by these reductions in cellulose. The OsCesA4 and -7 mutants exhibiting the same phenotype showed almost the same reductions, and these Tos17 insertion sites are found in the exon of the gene (Fig.  2) . This result indicates that the mutations of OsCesA4 and -7 affected the gene function, possibly leading to complete loss of function. On the other hand, the cellulose contents were different in two OsCesA9 mutants exhibiting different phenotypes, and the Tos17 insertion sites are one in an exon and the other in an intron (Fig. 2) . The mild phenotype (semidwarf, Fig. 1A ) exhibited by the NF1011 line could be explained by its higher cellulose content. One possible explanation for the partial loss-offunction phenotype of NF1011 line is incomplete splicing out of the Tos17-containing intron. Analysis of reverse transcription (RT)-PCR products showed that incomplete splicing out did occur (data not shown). One important finding here is that complete loss of function of any one of the three CesA genes leads to a dramatic reduction in cellulose contents (8.9%-25.5% of the wild-type level), suggesting that these genes are not functionally redundant to each other. Phylogenetic trees based on the complete amino acid sequences were generated by using ClustalX (version 1.8), then bootstrapping at random number generator seed ϭ 1,000 and number of bootstrap trials ϭ 10,000. Plant species are as follows: At, Arabidopsis; Gc, cotton; Os, rice; Pc, Populus ϫ canescens; Ptr, Populus tremuloides; and Zm, maize. Figure 5 . Expression profiles of OsCesA4, -7, and -9 in wild-type plant. Total RNAs were prepared from 2-week-old seedlings, culms, mature leaves, immature panicles, and roots and subjected to northern-blot analysis with probes for OsCesA4, -7, and -9. Equal loading of the gel was confirmed by staining of ribosomal RNA with methylene blue.
Scanning Electron Micrographs of Cross Sections of the Culms of the Five Brittle Culm Mutants
To investigate structural changes in the culms of the five brittle culm mutants, cross sections of the second culm internodes from the wild-type plant and five mutants were observed by scanning electron micrograph (Fig. 6 ). Notably thinner cell walls were found in the cortical fiber cells in all the mutants. Similar results were obtained by the analysis of the third internodes (data not shown). The significant differences in the cell walls between the wild-type plant and five mutants can be explained by a decrease in cellulose content of the cell walls of the mutants (Table I ). In three Arabidopsis mutants of the CesA genes required for cellulose synthesis in the secondary cell walls, collapsed xylem cells have been found (Taylor et al., 1999 (Taylor et al., , 2000 (Taylor et al., , 2003 . In all the rice mutants, the large and small vascular bundle cells in the second internodes were normal in shape (Fig. 6) , and no collapsed xylem cells were detected in mature leaves (data not shown).
DISCUSSION
Brittle culm mutants have been isolated in several monocot species (Jones, 1933; Takahashi et al., 1953 Takahashi et al., , 1966 Takahashi et al., , 1968 Nagano and Takahashi, 1963; Briggs and Robert, 1966) , and some of the mutants have been studied in relation to cellulose synthesis (Kimura et al., 1999b; Kokubo et al., 1989 Kokubo et al., , 1991 . However, the genes affected in these mutations were still not known. Here, isolation of the causative genes for three brittle culm mutations induced by the retrotransposon Tos17 is reported. These genes are shown to encode three distinct CESAs, OsCESA4, OsCESA7, and OsCESA9.
The plant CESAs are generally considered to be associated with rosette complexes, the cellulosesynthesizing units in the plasma membrane (Kimura et al., 1999a) . The discovery of a family of CesA genes raised the important question of why plants have many genes for cellulose synthesis. One explanation is that each rosette complex is composed of two or more distinct CESA proteins to form a functional CESA unit (Fagard et al., 2000; Scheible et al., 2001; Taylor et al., 2000 Taylor et al., , 2003 Peng et al., 2002) . This pro- Figure 6 . Scanning electron micrographs of cross sections of the culms of the wild-type plant and five brittle culm mutants. The cross sections were prepared from the second internode of wild-type plant (A) and the mutants of NC0259 (B), ND8759 (C), ND2395 (D), NF1011 (E), and NE1031 (F). White scale bars ϭ 100 m. CF, LVB, and SVB, Cortical fiber, large vascular bundle, and small vascular bundle, respectively. Lower panels show tissues of CF and SVB corresponding to upper panels of the wild-type plant and five mutants. posal is based on the following observations. Two Arabidopsis mutants of AtCesA1 and -6 genes encoding the enzymes synthesizing cellulose in the primary cell wall are phenotypically indistinguishable, and both genes are expressed in the same tissues (Fagard et al., 2000) . Mutants of AtCesA4, -7, and -8, genes involved in the biosynthesis of secondary walls, also exhibited almost identical phenotype, including collapse of xylem elements (Taylor et al., 2003) . Three genes are co-expressed in the same cells, and proteins encoded by these genes interact with each other. Therefore, at least two or three distinct CESAs seem to be essential to form a functional CESA unit. To clarify the combination of CesA genes forming a functional CESA unit in maize, the expression patterns of eight CesA genes in 10 different tissues have been examined (Dhugga, 2001) . Although the expression profiles of four CesA genes (ZmCesA3-6) are different, coordinate expression of the other four CesA genes (ZmCesA1, -2, -7, and -8) has been suggested. By in situ RT-PCR analysis, ZmCesA1 has been shown to be highly expressed in the pith and cortex of the cell elongation region and ZmCesA8 in the region of developing vascular tissue. This observation suggests that ZmCESA1 and ZmCESA8 are primary wall-forming and secondary wall-forming enzymes, respectively (Holland et al., 2000) . The phylogenetic relationships of ZmCesA1, -2, -7, and -8 (Holland et al., 2000; Fig. 5) , together with expression profiles, suggest ZmCesA2 and -7 are the enzymes synthesizing primary and secondary cell walls, respectively (Dhugga, 2001) . Further studies are needed to determine whether ZmCESA1 and -2 or ZmCESA7 and -8 assemble into a functional CESA unit. The expression profiles of the three rice CesA genes (OsCesA4, OsCesA7, and OsCesA9) were indistinguishable in four different organs in the wild-type plant (Fig. 5) , and the complete loss-of-function mutants of these genes exhibited almost identical phenotypes with respect to the cellulose content (Table I) , brittleness of culm (Fig. 1B, 2-5 ), the growth habit (Fig.  1A , 2-5), and cell wall thickness in the cortical fiber cells of the culm (Fig. 6) . These results strongly suggest that the three CESAs (OsCESA4, -7, and -9) are not functionally redundant to each other, and these proteins form a functional CESA unit. Here, we propose that in rice at least three distinct CesA genes are required to form functional CESA units for the secondary wall, as in the case of Arabidopsis (Taylor et al., 2003) . The phylogenetic analysis shows that the secondary wall-forming enzymes in Arabidopsis are classified into three subgroups (Fig. 4) . Interestingly, the secondary wall-forming enzymes in rice are also classified into these three subgroups. This suggests that a functional CESA unit would consist of three different CESA subunits in higher plants. This suggestion agrees with the model of a functional CESA unit (Doblin et al., 2002) , proposing that three different types of subunits might be required for rosette assembly.
All the plant CESA proteins possess not only the conserved three Asp residues and QxxRW motif that are critical for the function of CESA but also the RING finger motif in the N-terminal region of the proteins (Delmer, 1999) . Here, it was found that one of three CESA proteins, OsCESA4, shows a low similarity to the other two proteins and lacks eight amino acid residues in the first zinc finger (Fig. 3) . The mutant of OsCesA4 exhibited similar cellulose deficiency to those of other two CesA genes, OsCesA7 and -9 (Table I ). This result indicates that OsCESA4, although lacking eight amino acid residues in the first zinc finger, has an essential role for cellulose production in the secondary wall. In cotton, a RING finger motif has been shown to be involved in dimerization of CESAs via intermolecular disulfide bridges in the oxidized state. Based on this result, it was proposed that dimerization between the domains of the RING finger motifs in CESA subunits is necessary for the assembly of a cellulose-synthesizing unit . The spacing of the Cys residues in the RING-finger motifs in CESA proteins is CxxCx(15)-CxxC-x(4)-CxxC-x(11)-CxxC, and two rice CESA proteins of OsCESA7 and -9 also show the identical spacing (Fig. 3) . Therefore, OsCESA4 possesses a unique RING finger motif of CxxC-x(7)-CxxC(4)-CxxC-x(11)-CxxC to interact with OsCESA7 or -9.
Two OsCesA9 allelic mutants, ND2395 and NF1011, although both showing the brittle culm phenotype (Fig. 1B, 5 and 6) and thinning of cortical fiber cell walls in the culm (Fig. 6) , exhibited different growth habits (Fig. 1A, 5 and 6 ) and different cellulose contents (Table I ). The mild mutant phenotype exhibited by the NF1011 line is likely due to partial loss of function. The partial loss of function is considered to result from partial inhibition of splicing of the Tos17-containing intron because the Tos17 insertion site is found in the intron (Fig. 2) . Data supporting this hypothesis were obtained by RT-PCR analysis.
The complete loss-of-function mutants of OsCesA4, -7, and -9 exhibited morphological abnormality such as dwarf (Fig. 1A) . In Arabidopsis, the collapsed xylem elements have been observed in the mutants of AtCesA4, -7, and -8, the members of the secondary wall-forming genes, but these mutants did not exhibit morphological abnormalities (Turner and Somerville, 1997) . In the rice mutants, thinner walls in the cortical fiber cells were found instead of the collapsed xylem cells (Fig. 6) . The composition of cell wall is considerably different between rice and Arabidopsis. For example, the mixed-linked (133)(134)␤-d-glucan in the primary wall is a well-known wall polysaccharide found only in grasses including rice (Carpita, 1996) . The difference in the mutant phenotype between Arabidopsis and rice, especially topology of xylem element, may have been caused by that of the cell wall composition. In the Arabidopsis mutants of CesA genes required for cellulose synthesis in the primary wall, various mutant phenotypes such as root swelling, stunted growth, and reduced length of root and hypocotyl have been observed (Reiter, 2002) . The abnormal phenotype of three rice CesA mutants (Fig. 1) may be explained by alteration in the primary wall composition.
The mutant of AtCesA3, one of the members of the primary wall-forming genes, has been reported to overproduce jasmonate and ethylene, which are induced by a number of biotic and abiotic stresses such as wounding and pathogen attack (Ellis et al., 2002) . In addition, constitutive expression of the jasmonateresponsive genes or the jasmonate-and ethyleneresponsive genes in the mutants of two primarywall-forming genes, AtCesA1 and -3, has been shown. Based on these observations, it was proposed that cell walls with altered composition caused by mutations in CesA genes might contain high level of elicitors inducing jasmonate and ethylene, or the altered wall architecture might allow the untimely release of such molecules. In the rice mutants, the reduction in cellulose content in the secondary wall may lead to alteration in the primary wall composition and accumulation of jasmonate and ethylene, thus resulting in a dwarf phenotype.
Several brittle culm mutations have been genetically identified in rice and mapped onto the linkage map as follows; bc1 on chromosome 3, bc2 on chromosome 5, bc3 on chromosome 2, bc4 on chromosome 6, and bc5 on chromosome 2 (Nagato and Yoshimura, 1998). These mutants showed three different growth habits: a dwarf phenotype like that of three CesA mutants observed in the present study (Fig. 1) , a normal morphology with growth retardation, and a normal growth like the wild-type plant (Jones, 1933; Nagano and Takahashi, 1963; Takahashi et al., 1968) . However, the genes associated with these mutations have not been isolated. We showed here isolation of the causative genes for three brittle culm mutations, OsCesA4, -7, and -9. These CesA genes were mapped on chromosomes 1 and 10 (data not shown) and, thus, do not correspond to the causative genes for the brittle culm mutations found previously. The brittle culm phenotype is probably caused by the defects in the secondary cell walls responsible for the overall strength of the plant. The defective cell walls are considered to be caused by loss or reduction of one of the wall components including cellulose, lignin, pectin, and noncellulosic polysaccharides. In the lignin-deficient mutant irx4 in Arabidopsis, both strength and stiffness of the stems are severely reduced (Jones et al., 2001) . In an Arabidopsis mutant deficient in Fuc, one of the noncellulosic polysaccharides, the cell walls are fragile (Reiter et al., 1993) . Therefore, the causative genes for rice brittle culm mutations might be involved in the synthesis of cellulose or noncellulosic components in the secondary cell walls. Isolation of these genes is important not only for further understanding of the mechanism of cell wall synthesis but also for improving the mechanical strength of tissues in monocot crop plants to provide lodging tolerance.
In the present study, three causative genes for brittle culm mutations were isolated after screening only 3,500 mutant lines induced by the Tos17. Further screening should contribute to the isolation of new genes involved in cell wall synthesis.
MATERIALS AND METHODS
Plant Materials
Rice (Oryza sativa) mutant lines induced by insertion of the endogenous retrotransposon Tos17 were grown in the paddy field. For various analyses, such as observation by scanning electron microscopy, the culm internode was collected after harvesting and fixed in Nawaschin Claf type III (3:2:1:4 [v/v] 1% chromic acid:10% acetic acid:35% formalin:water; Miksche, 1976) .
Southern Analysis
Rice genomic DNA was prepared from mature leaves by the cetyltrimethyl-ammonium bromide method (Murray and Thompson, 1980) . Five hundred nanograms of the prepared DNA was digested with restriction enzyme XbaI and electrophoresed on 0.8% (w/v) agarose gels with the Multiblotter MB24 system (Labimap, Plaisir, France). Hybridization was performed at 65°C with Church-Gilbert buffer (Church and Gilbert, 1984) containing a 32 P-labeled probe.
TAIL-PCR and Suppression PCR
TAIL-PCR (Liu and Whittier, 1995) was carried out with a Tos17-specific primer and a degenerate one. The Tos17-specific primers and thermal conditions were described by Miyao et al. (1998) . Here, we used four kinds of degenerate primer called AD1, 4, 5, and 7 to amplify several genomic fragments from the region flanking Tos17, as described elsewhere (A. Miyao, K. Tanaka, K. Murata, H. Sawaki, S. Takeda, K. Abe, Y. Shinozuka, K. Onosato, and H. Hirochika, unpublished data). The target fragment NC0259_14_701_1A in this study was isolated by PCR with the AD7, 5Ј-CGTGNAG(A/T) ANCNAAG-3Ј, and Tos17-specific primers.
A modified method of suppression PCR was used, as described elsewhere (Miyao et al., 1998) . The target fragment T12748T was amplified by PCR using genomic DNA digested with DraI as a template. The fragments ND2395_30 and NF1011-7_2 were prepared from genomic DNA digested with NruI.
Northern-Blot Analysis
Total RNA was isolated from elongating culms, mature leaves, panicles at the meiotic stage, roots, and 2-week-old seedlings with the Isogen kit (Nippon Gene, Toyama, Japan), and 10 g of total RNA was electrophoresed on 0.8% (w/v) denatured agarose gels. The gel was blotted on Hybond N ϩ membrane (Amersham, Little Chalfont, UK), and the membrane was hybridized with the same buffer as Southern analysis. The probes for OsCesA4, -7, and -9 were prepared with the DNA fragments re-amplified from the RT-PCR products by PCR with the gene-specific primers designed from the nested region of the sequence of the primers used in the first PCR. RT-PCR was carried out using a ReverTra Dash kit (Toyobo, Osaka) with the genespecific primers according to the manufacturer's recommendation. The forward and reverse primers used for primary and secondary reactions were as follows: for OsCesA4, 5Ј-GACAGATGCATATGAGCCAC-3Ј and 5Ј-CTT-TCTTGTGGTGTTGGTAC-3Ј, and 5Ј-CTCGGATCATTCCTATATCG-3Ј and 5Ј-CTCGAAACATAGACTAGCCG-3Ј; for OsCesA7, 5Ј-GCGGCTTCCCGGT-GTGCAAG-3Ј and 5Ј-GCTGGACCTTGTCCTTGAGG-3Ј, and 5Ј-TGCTAC-GAGTACGAGCGCAG-3Ј and 5Ј-GTCGAAGAGCAGCATGGACGCGC-3Ј; and for OsCesA9, 5Ј-CATGCTCAACTTGGATTGCG-3Ј and 5Ј-TCCACTT-
